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Measles virus belongs to the Paramyxoviridae family within the Mononegavirales order. Its non-segmented, single stranded, negative sense
RNA genome is encapsidated by the nucleoprotein (N) to form a helical nucleocapsid. This ribonucleoproteic complex is the substrate for both
transcription and replication. The RNA-dependent RNA polymerase binds to the nucleocapsid template via its co-factor, the phosphoprotein (P).
In this review, we summarize the main experimental data pointing out the abundance of structural disorder within measles virus N and P. We also
describe studies indicating that structural disorder is a widespread property in the replicative complex of Paramyxoviridae and, more generally, of
Mononegavirales. The functional implications of structural disorder are also discussed. Finally, we propose a model where the flexibility of the
disordered N and P domains allows the formation of a tripartite complex (N-–P–L) during replication, followed by the delivery of N monomers
to the newly synthesized genomic RNA chain.
D 2005 Elsevier Inc. All rights reserved.Keywords: Measles virus; Paramyxoviridae; Negative strand RNA viruses; Replication; Replicative complex; P and N structure; Intrinsic or structural disorder;
Induced folding
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Measles virus (MeV) belongs to the Paramyxoviridae
family within the Mononegavirales order. This order includes
several human pathogens with a strong socio-economical
impact and comprises both well characterized viruses (as for
instance mumps, parainfluenza, rabies and Ebola viruses) and
emerging viruses, such as the Nipah and Hendra viruses that
are responsible for encephalitis with a high (>50%) case-
fatality rate. With approximately 800,000 deaths worldwide,
measles ranks 8th as the cause of worldwide mortality and
represents the main cause of childhood mortality in developing
countries. Despite extensive vaccination campaigns, the disease
has not been eradicated yet. Furthermore, outbreaks occur even
within vaccinated populations (Zandotti et al., 2004). To date,
no effective antiviral treatment exists.
The replicative complex of MeV possesses some features
that make it a promising target for the establishment of an
antiviral chemotherapy. In particular, the RNA-dependent RNA
polymerase (RdRp) has no known homologue in human or
animal tissues, and it exclusively uses a ribonucleoprotein
complex as the substrate for both transcription and replication.
Despite their relevance in terms of human health, our
understanding of the molecular mechanisms of transcription
and replication of Paramyxoviridae is still rather poor (for
reviews, see Albertini et al., 2005; Lamb and Kolakofsky,
2001; Longhi and Canard, 1999).
The elucidation of the mechanisms of action of proteins of
the replicative complex of MeV, as well as their structural
characterization, is a prerequisite for the identification and the
rational design of antiviral agents. These latter may be used
against MeV and/or other Mononegavirales pathogens.
Structure of the virion and of its replicative complex
MeV is an enveloped and pleiomorphic virus. Its envelope is
composed of a lipid bilayer, derived from the plasma
membrane of the host cell, which contains the attachment
(H) and fusion (F) proteins. Beneath the envelope, the viral
matrix protein (M) associates with the cytoplasmic tails of the
H and F proteins as well as the viral core particle or
nucleocapsid. The genome of MeV is composed of a non-
segmented, single-stranded, negative sense RNA molecule (15
894 nucleotides in length), whose sequence is known (Cattaneo
et al., 1989). The viral genome is encapsidated by the
nucleoprotein (N) to form a helical nucleocapsid that is the
substrate for both transcription and replication. These latter
activities are carried out by the RNA-dependent RNA
polymerase (RdRp) that is composed of the large (L) protein
and of the phosphoprotein (P). This latter is required to tether
the polymerase onto the nucleocapsid template.
The nucleocapsid of Paramyxoviridae has a typical her-
ringbone-like appearance by negative stain transmission
electron microscopy (see Fig. 4 in Karlin et al., 2002a). This
left-handed helical structure is approximately 1 Am long and
has a diameter of 18 nm, with a central channel that is 4–5 nm
in diameter. The nucleocapsid of Paramyxoviridae is ratherflexible and can adopt different helical pitches resulting in
conformations differing in their extent of compactness (Bhella
et al., 2002; Bhella et al., 2004; Egelman et al., 1989;
Heggeness et al., 1980, 1981; Schoehn et al., 2004). In the
case of the Sendai virus (SeV) nucleocapsid, the most extended
conformation has a helical pitch of 37.5 nm, whereas the most
compact one has a helical pitch of 5.3 nm. Within the most
extended conformation, the viral RNA is likely to be more
accessible to the polymerase. It is tempting to postulate that
such unwinding may occur during RNA synthesis to allow the
polymerase to access RNA.
The nucleoprotein
The primary function of the nucleoprotein is to encapsidate
the viral genome. Within Mononegavirales, each N monomer
interacts with a precise number of nucleotides. The number of
nucleotides varies among Mononegavirales, being specific to
each family: 6 nucleotides for Paramyxoviridae (Egelman et
al., 1989), 9 for Rhabdoviridae (Flamand et al., 1993) and
12–15 for Filoviridae (Mavrakis et al., 2002). The specific
encapsidation signal is thought to lay within the 5V Leader
and Trailer extremities of the antigenome and genome RNA
strands, respectively, as demonstrated for another Mononega-
virales member (Blumberg et al., 1983). However, in the
absence of P (and of viral RNA or other viral proteins),
Mononegavirales nucleoproteins are able to self-assemble
onto cellular RNA to form nucleocapsid-like particles.
Beyond its structural role, N plays several functions. In
infected cells, two forms of N exist: a monomeric form
(referred to as N-), which requires the presence of a
chaperone (see below), and an assembled form (referred to
as NNUC). In its assembled form, N interacts with P and the
polymerase complex (L–P), while in its monomeric form, it
is responsible for the encapsidation of the nascent genomic
RNA chain during replication. During virus assembly, it
interacts with the M protein. Finally, it interacts with cellular
factors, including cytoskeleton components.
The phosphoprotein
The P protein plays a central role in transcription and
replication. As the nucleoprotein, it provides several functions.
It binds to the nucleocapsid, thus tethering the polymerase onto
the nucleocapsid template. It also plays a chaperone role for the
nucleoprotein in that it binds to N- thus preventing the
illegitimate assembly of the latter in the absence of ongoing
viral RNA synthesis. This soluble N-–P complex is used as a
substrate for the encapsidation of nascent RNA. The only data
available so far on the role of P in the enzymatic activity of the
polymerase come from limited proteolysis studies of the SeV
RNP complex. These studies pointed out that the N-terminal
domain of P is not involved in polyadenylation and capping of
viral messenger RNA. However, they could not address
whether the C-terminal region of P, known to be required for
L stability, is involved in these activities (Chinchar and Portner,
1981).
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The viral polymerase, which is responsible for both
transcription and replication, is poorly characterized. It is
thought to carry out most (if not all) enzymatic activities
required for transcription and replication, including nucleotide
polymerization, mRNA capping and polyadenylation. Howev-
er, no Paramyxoviridae polymerase has been purified so far,
implying that most of our present knowledge arises from
bioinformatics studies. Notably, a 2V-O-methyltransferase
domain involved in the synthesis of type 1 cap (7MeG5V-
ppp5V-N2V0Me) of viral mRNAs was predicted in the C-terminal
region of Mononegavirales polymerases (with the exception of
Bornaviridae and Nucleorhabdoviruses) (Ferron et al., 2002).
The methyltransferase activity of the C-terminal region of SeV
polymerase (aa 1756–2228) has been recently demonstrated
biochemically (Ogino et al., 2005).
In all Mononegavirales members, the viral genomic RNA is
always encapsidated by the N protein, and genomic replication
does not occur in the absence of N-. Therefore, during RNA
synthesis, the viral polymerase has to interact with the N:RNA
complex, and to use the N-–P complex as the substrate of
encapsidation.
Structural disorder within the replicative complex of MeV
In the course of the structural and functional characteriza-
tion of MeV replicative complex proteins, it turned out that
they contain long (from 50 to 230 residues) disordered regions
possessing sequence features that typify intrinsically disordered
proteins (Karlin et al., 2002a, 2002b, 2003; Longhi et al.,
2003). Intrinsically disordered or intrinsically unstructured
proteins (IUPs) are functional proteins that fulfill essential
biological functions while lacking any constant secondary and
tertiary structure under physiological conditions (Dunker et al.,
2001; Dyson and Wright, 2005; Fink, 2005; Tompa, 2003,
2005; Uversky, 2002a).
The notion that protein function relies on a precise 3D
structure constitutes one of the paradigms of biochemistry and
is deeply inscribed in our language. During the last two
decades, the growing number of protein structures determined
by X-ray crystallography and by NMR has shifted the attention
of structuralists away from the numerous proteins that possess
biological functions despite their lack of a precise 3D structure
(Dunker and Obradovic, 2001; Dunker et al., 1998, 2001,
2002). The first call to recognition of proteins containing large
disordered regions is very recent (Wright and Dyson, 1999).
Since then, the number of publications dealing with structural
disorder continues to grow. However, the notion of a tight
dependence of protein function on a precise 3D structure is still
deeply anchored in most structuralists’ mind, even though the
role of flexible regions within proteins is recognized and
despite the familiarity of crystallographers with crystal disorder
(both static and dynamic). Indeed, numerous studies have been
abandoned after noticing the lack of constant secondary
structure, and rare are the examples where the amino acid
sequence of such proteins was analyzed. The reasons for thislack of emphasis upon structural disorder are multiple. Firstly,
IUPs have been long unnoticed because researchers encoun-
tering examples of structural disorder mainly ascribed it to
errors and artifacts and, as such, purged them from papers and
reports. Secondly, structural disorder is hard to conceive and
classify. Thirdly, IUPs have been neglected because of the
perception that a limited amount of mechanistic data can be
derived from their study.
The functional importance of disorder is inherent in their
flexibility. In particular, an increased plasticity would (i) allow
protein interactions to occur with both high specificity and low
affinity, (ii) enable binding of numerous structurally distinct
targets and (iii) provide the ability to overcome steric
restrictions, enabling larger interaction surfaces in protein–
protein and protein–ligand complexes than those obtained with
rigid partners (Dunker and Obradovic, 2001; Dunker et al.,
1998, 2001, 2002; Dyson and Wright, 2005; Fink, 2005;
Gunasekaran et al., 2003; Uversky et al., 2002; Wright and
Dyson, 1999).
Although there are IUPs that carry out their function while
remaining disordered all the time (e.g., entropic chains)
(Dunker et al., 2001), a majority undergo an unstructured-to-
structured transition upon binding to their physiological
partner(s), a process termed induced folding (Dyson and
Wright, 2002; Fuxreiter et al., 2004; Uversky, 2002b). The
term induced folding is often associated with a notion of gain
of regular secondary structure. However, it is noteworthy that
coupled folding and binding can also occur without such
dramatic structural transitions (Bourhis et al., 2005), and that
IUPs tend to conserve their overall extended conservation even
after binding to their targets (Tompa, 2003).
Regions lacking specific 3D structure have been so far
associated with approximately 30 distinct functions, including
nucleic acid and protein binding, display of phosphorylation
sites (e.g., CREB transactivator domain—TAD) and of
proteolysis sites (e.g., antiapoptotic Bcl-2 protein), prevention
of interactions by means of excluded volume effects (e.g.,
microtubule associated protein 2—MAP2, titine) and molecu-
lar assembly (e.g., MAP2, caldesmon, fibronectin receptor).
Most proteins containing disordered regions are involved in
signaling and regulation events that generally imply multiple
partner interactions. For instance, it has been estimated that
approximately 80% of cancer-associated proteins possess
disordered regions. IUPs establish interactions with kinases
(e.g., p21 and p27 binding to cycline-dependent kinase),
transcription factors (e.g., CBD domain of Tcf3 binding to h-
catenine, FlgM binding to transcription factors), translation
inhibitors (e.g., 4EBP1 binding to the eukaryotic translation
initiation factor eIF4E), nucleic acids (e.g., ribosomal proteins,
the transcription antiterminator N protein of E bacteriophage,
the nuclear protein La, the REV protein of HIV-1, RNA
chaperones) and membranes (e.g., dehydrines) (for reviews, see
Dunker et al., 2002; Iakoucheva et al., 2002; Tompa, 2003).
IUPs possess peculiar sequence properties that allow them
to be distinguished from globular proteins. In particular, (i)
they are generally enriched in amino acids preferred at the
surface of globular proteins (i.e., A, R, G, Q, S, P, E and K) and
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they possess a distinct combination of a high content of
charged residues and of a low content in hydrophobic residues
(Uversky, 2002b), (iii) they possess a low predicted secondary
structure content and (iii) they tend to have a low sequence
complexity (i.e., they make use of fewer types of amino acids)
and a high sequence variability. This has allowed an estimation
of the occurrence of disorder in biological systems. A recent
study has shown that between 7 and 35% of proteins from
unicellular organisms are predicted to contain long (i.e., >40
residues) disordered regions based upon sequence analysis.
This percentage is further increased to 35–60% for multicel-
lular organisms (Dunker and Obradovic, 2001). More recently,
it has been estimated that 5% of E. coli proteins, 23% of A.
thaliana proteins and 28% of M. musculus proteins are mainly
disordered (i.e., they posses more disordered than ordered
regions) (Oldfield et al., 2005). In addition, analysis of the
VaZYMolO data base, which contains 1683 protein sequences
from RNA viruses (Ferron et al., 2005), shows that 6% of these
sequences posses at least a disordered region of more than 20
residues in length (unpublished data).
Structural disorder within the phosphoprotein
In MeV, the P gene encodes multiple proteins, including P
and V (for reviews see (Lamb and Kolakofsky, 2001; Longhi
and Canard, 1999)). The V protein is translated from a P
messenger obtained upon co-transcriptional insertion of a G at
position 753 of the P mRNA (see Fig. 1). The V protein thus
shares with the P protein the N-terminal module (PNT, aa 1–
230) and possesses a unique C-terminal, zinc binding domain
(ZnBD). The P gene organization suggests that the P protein is
modular, consisting of at least two domains: an N-terminal
(PNT) domain common to both P and V, and a C-terminal
(PCT) domain unique to the P protein. Transcription requires
only the PCT domain, whereas genome replication also
requires PNT. Indeed, within Paramyxovirinae, PNT plays
the role of a chaperone for newly-synthesized N (N-). Its
interaction with N- leads to the formation of the encapsidation
complex (N-–P) that is used as a substrate by the polymerase
during RNA replication (for review, Lamb and Kolakofsky,
2001; Longhi and Canard, 1999). Within the N-–P complex, P
to N binding is mediated by the dual PNT–NCORE and PCT–Fig. 1. MeV P gene organization and effect of the coNTAIL interaction (Chen et al., 2003). It has recently been
suggested that the N-–P complex has a very short half-life
(Plumet et al., 2005).
After purification from the soluble fraction of E. coli, PNT
displays an abnormally slow migration in SDS-PAGE, with
an apparent molecular mass of 32 kDa (expected mass 25
kDa) (Karlin et al., 2002b). This anomalous behavior is
related to a rather high content in acidic residues, a
characteristic that has been previously described in the
literature for all Paramyxovirinae P proteins (Lamb and
Kolakofsky, 2001). The 2D NMR (bidimensional nuclear
magnetic resonance) (Fig. 2A) and circular dichroism (CD)
(Fig. 2B) spectra of PNT are typical of an unfolded protein
(Karlin et al., 2002b).
Analysis of the hydrodynamic properties of PNT shows that
this domain has a very extended shape in solution, with a
hydrodynamic radius (Stokes radius) of 41 A˚ (Karlin et al.,
2002b). The theoretical expected Stokes radii for a globular
and an unfolded protein of the same molecular mass as that of
PNT are 23 and 46 A˚, respectively. Thus, the experimentally
observed Stokes radius is not compatible with the value
expected for a globular protein, but rather with that expected
for an unfolded protein. The absence of a globular core has
been further demonstrated by limited proteolysis experiments,
which showed that PNT is fully exposed to the solvent (Karlin
et al., 2002b).
Two distinct methods for the prediction of disorder, namely
PONDR (Li et al., 1999) and the method of the hydrophobicity/
mean charge ratio (Uversky et al., 2000), both converge to
show that PNT belongs to the class of IUPs. These results
indicate that the lack of stable secondary structure does not
arise from a purification artifact, being rather an intrinsic
property encoded in its primary structure. We have further
extended these results to the W protein of SeV (the counterpart
of MeV PNT) and to other PNT domains from other
Morbillivirus members (Karlin et al., 2002b).
What are the functional implications of the intrinsic disorder
of PNT? PNT is reminiscent of transcriptional acidic activator
domains (AADs). AADs play a role in recruiting the
transcriptional machinery via protein–protein interactions and
their function does not rely on a precise tertiary structure.
Recently, several studies have shown that AADs act through
bulky hydrophobic residues scattered within acidic residues.-transcriptional insertion of a G in the P mRNA.
Fig. 2. (A) 2D NMR spectrum of PNT. The very low spread of the amide
protons resonance frequencies (between 7.8 et 8.7 ppm, see frame) is typical of
proteins with no stable secondary structure. (B) CD spectrum of PNT. The
ellipticity values at 185 and 198 nm (nil and largely negative, respectively) are
indicative of an unfolded protein.
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hydrophobic residues in an aqueous environment, allowing
them to establish weak, short-distance contacts with hydro-
phobic patches in their targets. According to this model,
specificity of AADs for their physiological partners is
determined by other factors dictating their co-localization with
those partners (on DNA), and affinity is ensured by theintervention of multiple activation domains (Melcher, 2000).
AADs undergo induced folding in the presence of their
physiological partner (Melcher, 2000). In the case of SeV,
PNT was shown to be required for the synthesis of genomic
RNA (Curran et al., 1995). This activity is related to the
involvement of PNT in the formation of the N-–P complex that
is the substrate for the encapsidation of the nascent RNA chain,
but could also be attributed to a weak PNT–L interaction, as
recently shown in the case of Rinderpest virus (Sweetman et
al., 2001). In contrast, a stable L–P interaction site has been
mapped within the PCT domain (Smallwood et al., 1994).
Given the similarity of AADs to PNT, the co-localization of
PNT and L on the N:RNA complex would be ensured by the
presence of a stable, independent L–P site. The co-localization,
together with the presence of multiple PNT domains within the
P tetramer (Rahaman et al., 2004), would strengthen the PNT–
L interaction.
The incubation of PNT in the presence of increasing
concentrations of Tri-Fluoro-Ethanol (TFE) induces a pro-
nounced gain of a-helicity. TFE is an organic solvent that
mimics the hydrophobic environment experienced by proteins
during protein–protein interactions. It is widely used as a probe
for regions that have a propensity to undergo induced folding.
Limited proteolysis experiments in the presence of TFE led to
the identification of a thermolysin-resistant fragment. This
fragment, spanning residues 27–99, contains a protein region
(aa 27–38) with a strong propensity to fold as an a-helix. This
a-helix may represent one of the secondary structure elements
involved in the possible unstructured-to-structured transition of
PNT upon binding to a partner (Karlin et al., 2002b).
Does PNT actually undergo induced folding upon interac-
tion with its physiological partner(s)? It is conceivable that the
N-terminus of P folds upon binding to N-. This gain of
structure may favor recognition of the N-–P complex by the
polymerase and the proper positioning of N monomers on the
nascent RNA chain. However, direct answers to this question
await the availability of the two potential physiological PNT
partners, namely N- and the L protein.
Structural disorder within the nucleoprotein
MeV nucleoprotein consists of two modules: a N-terminal
domain (NCORE, aa 1–400) and a C-terminal domain (NTAIL,
aa 401–525). NCORE contains all the regions required for the
self-assembly and RNA binding (Karlin et al., 2002a; Kingston
et al., 2004b), whereas NTAIL is responsible for the interaction
with P and the polymerase (L–P) complex (Bankamp et al.,
1996; Kingston et al., 2004b; Liston et al., 1997; Longhi et al.,
2003). Contrary to NCORE, the amino acid sequence of NTAIL is
hyper-variable within Morbillivirus members. In addition,
NTAIL is hyper-sensitive to proteolysis (Karlin et al., 2002a)
and is not readily visualized in electron microscopy. As these
latter features are hallmarks of intrinsic disorder, we analyzed
the sequence properties of NTAIL in order to assess whether
they conform to those of IUPs (Dunker et al., 2001). The amino
acid composition of NCORE does not deviate from the average
composition of proteins found in the Protein Data Bank (PDB).
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It is depleted in ‘‘order promoting’’ residues (W, C, F, Y, I, L)
and enriched in ‘‘disorder promoting’’ residues (R, Q, S, E)
(Dunker et al., 2001) (Fig. 3A). Moreover, NTAIL is predicted to
be intrinsically disordered by both PONDR (Romero et al.,
2001) (Fig. 3B) and the method based on the mean
hydrophobicity/mean net charge ratio (Uversky et al., 2000)
(see Karlin et al., 2003).Fig. 3. (A) Organization of MeV N. The approximate location of N–N, N–P and R
and 304–373), as reported by Bankamp et al. (1996), is also shown. (B) PONDR dis
number. The significance threshold (0.5) above which residues are considered to be d
in amino acid composition from the average values in the PDB of the NTAIL region o
promoting (shaded bars) is shown.Biochemical, hydrodynamic and spectroscopic analyses
similar to those carried out during the characterization of
PNT confirmed that NTAIL belongs to the family of IUPs
(Longhi et al., 2003). NTAIL has also been studied by Small
Angle X-ray Scattering (SAXS). This technique is particularly
well adapted to study flexible, low compactness or even
extended macromolecules in solution. It provides low resolu-
tion structural data, and gives access to the mean particle sizeNA-binding sites is indicated. The location of the NCORE–PNT sites (aa 4–188
order prediction of N. Disorder prediction values are plotted against the residue
isordered, is shown. Long disordered regions (>40 aa) are shaded. (C) Deviation
f MeV. The relative enrichment in order promoting (white bars) and disordered
Fig. 4. Induced folding of NTAIL. (A) CD spectra of NTAIL, of PCT and of an
equimolar mixture of NTAIL and PCT. (B) CD spectra of NTAIL, of PNT and of
an equimolar mixture of NTAIL and PNT. The theoretical average spectra,
computed by averaging the individual spectra, are also shown. They correspond
to the theoretical CD spectra expected in case no structural transition takes
place. The deviation of the experimentally observed CD spectrum obtained
with the NTAIL–PCT mixture from the theoretical average spectrum indicates a
coil to a-helix transition (see appearance of minima at 208 and 222 nm, and
increase in the ellipticity in the 185–195 nm region). Conversely, the good
superimposition between the spectrum obtained with the NTAIL–PNT mixture
and the spectrum corresponding to the theoretical average indicates that no
structural transition takes place in the presence of PNT.
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ular distance (DMAX). These two parameters give information
on the degree of compactness of the molecule, and the latter
gives an idea of the maximal degree of extension reached by
the molecule in solution. In the case of NTAIL, the obtained
values indicate that this protein domain is not globular, yet
conserves a certain extent of compactness (Longhi et al., 2003).
Thus, NTAIL, while being an IUP, conserves some residual
structure that typifies the ‘‘premolten globule’’ subfamily
(Uversky, 2002a). Premolten globules are typified by a
conformational state intermediate between a random coil and
a molten globule. In solution, they possess a certain degree of
residual compactness due to the presence of residual and
fluctuating secondary and tertiary structures. As for the
functional implications, the residual intramolecular interactions
typical of the premolten globule state may enable a more
efficient start of the folding process induced by a partner
(Fuxreiter et al., 2004).
CD studies in the presence of increasing TFE concentrations
pointed out a clear a-helical propensity of NTAIL, and
secondary structure predictions identify an a-helix at aa
488–504 as the sole NTAIL secondary structure element
(Longhi et al., 2003). In agreement with these results, CD
studies indicated that NTAIL undergoes an a-helical transition in
the presence of PCT, whereas no structural transition is
observed in the presence of PNT (Fig. 4) (Longhi et al.,
2003). Using computational approaches, an a-helical Molec-
ular Recognition Element (a-MoRE, aa 488–499 of N) has
been identified within NTAIL. MoREs are regions within IUPs
that have a certain propensity to bind to a partner and thereby
to undergo induced folding (Garner et al., 1999). In the case of
NTAIL, an a-helical transition is predicted (Bourhis et al.,
2004). The role of the a-MoRE in binding to P and in induced
folding has further been confirmed by spectroscopic and
biochemical experiments carried out on a truncated NTAIL
form devoid of the 489–525 region (Bourhis et al., 2004).
The P region responsible for the interaction with NTAIL and
the induced folding of this latter has been mapped to the C-
terminal module (XD, aa 459–507) of P (Johansson et al.,
2003). The crystal structure of XD has been solved and consists
of a triple a-helical bundle (Fig. 5A). This structure, beyond
representing the first solved structure of a MeV protein, sheds
light on the molecular mechanism of the induced folding of
NTAIL. The surface of XD is delimited by helices a2 and a3,
and contains a large hydrophobic cleft that could accommodate
the a-MoRE of NTAIL, promoting the induced folding of the
latter (Fig. 5A). By combining structural and biochemical data,
we built a model of the interaction between XD and the a-
MoRE of NTAIL. According to this model, burying of
hydrophobic residues would provide the driving force to
induce folding of the a-MoRE (Fig. 5A), thus leading to a
pseudo-four helix arrangement occurring frequently in nature
(Johansson et al., 2003). This model has been recently
validated by Kingston et al. (2004a) who solved the crystal
structure of a chimeric form mimicking this complex (Fig. 5B).
SAXS studies allowed us to derive a low resolution model
of the NTAIL–XD complex. This model (Fig. 7) shows thatmost of NTAIL (aa 401–488) remains disordered within the
complex. The absence of a protruding shape from the bulky
region (see Fig. 6) indicates that the C-terminus of NTAIL does
not point towards the solvent and must rather be part of the
globular region, thus suggesting that, beyond the a-MoRE, the
C-terminus may be also involved in binding to XD (Bourhis
et al., 2005). Indeed, spectroscopic (CD, fluorescence) and
surface plasmon resonance (BIAcore) studies carried out on
truncated forms of NTAIL confirmed the involvement of the C-
terminus of NTAIL in the interaction with XD (Bourhis et al.,
2005).
Heteronuclear NMR (HN NMR) experiments allowed us to
precisely estimate the number of residues involved in the
interaction with XD, as well as to elucidate the nature of the
structural transition (Bourhis et al., 2005). Only 18 NTAIL
Fig. 5. Model of the complex between XD and the a-MoRE of NTAIL as
predicted (A) and experimentally observed (B) in the chimeric construct.
Reprinted from Virologie, 2005; 9(5). Copyright with permission from John
Libbey Eurotext Ltd.
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Among them, 11 undergo a coil to a-helix transition, and very
likely belong to the 486–503 region (encompassing the a-
MoRE), in agreement with the NMR studies performed by
Kingston et al. (2004a). The seven other residues undergo a
less dramatic displacement that reflects only a change in their
chemical environment with no gain of regular secondary
structure (Bourhis et al., 2005). HN NMR experiments carried
out with a truncated form of NTAIL definitely showed that these
latter residues map within the C-terminus (aa 517–525) of
NTAIL (Bourhis et al., 2005). Altogether, these studies showed
that binding of NTAIL to XD involves different types of
interactions. While the a-MoRE gains a-helical structure upon
binding to XD, the C-terminus of NTAIL does not gain any
regular secondary structure elements. Nevertheless, it plays a
crucial role in stabilizing the complex (Bourhis et al., 2005).
The KD value between NTAIL and XD, as measured by both
BIAcore and fluorescence spectroscopy studies, is in the 100
nM range (Bourhis et al., 2005). This affinity is considerably
higher than that reported by Kingston et al. (2004b) (KD of 13
AM) and derived from isothermal titration calorimetry studies.
A weak binding affinity, associated with a fast association rate,
would ideally fulfill the requirements of a polymerase complex
which has to cartwheel on the nucleocapsid template during
both transcription and replication. However, a KD in the AM
range would not seem to be physiologically relevant conside-
ring the low intracellular concentrations of P in the early phases
of infection. Moreover, such a weak affinity is not consistent
with the ability to readily purify nucleocapsid–P complexes
using rather stringent techniques such as CsCl isopycnic
density centrifugation (Oglesbee et al., 1989; Robbins and
Bussell, 1979; Robbins et al., 1980; Stallcup et al., 1979). A
more stable XD–NTAIL complex would be predicted to hinder
the processive movement of P along the nucleocapsid template.
In agreement with this model, the elongation rate of MeV
polymerase was found to be rather slow (three nucleotides/s)(Plumet et al., 2005). In addition, the C-terminus of NTAIL has
been shown to have an inhibitory role upon transcription and
replication, as indicated by minireplicon experiments, where
deletion of the C-terminus of N enhanced basal reporter gene
expression (Zhang et al., 2002). Deletion of the C-terminus of
N also reduces the affinity of XD for NTAIL, providing further
support for modulation of XD/NTAIL binding affinity as a basis
for polymerase processivity. Modulation of XD/NTAIL binding
affinity could be dictated by interactions between NTAIL and
cellular and/or viral co-factors. Indeed, the requirement for
cellular or viral co-factors in both transcription and replication
has been already documented in the case of MeV (Vincent et
al., 2002), and of other Mononegavirales members (Fearns
and Collins, 1999; Hartlieb et al., 2003). These co-factors may
serve as processivity or transcription elongation factors and
could act by modulating the strength of the interaction be-
tween the polymerase complex and the nucleocapsid template.
NTAIL also influences the physical properties of the
nucleocapsid helix that is formed by NCORE (Longhi et al.,
2003; Schoehn et al., 2004). Electron microscopic analysis of
nucleocapsid formed by either N or NCORE indicates that the
presence of NTAIL was associated with a greater degree of
fragility, evidenced by the tendency of helices to break into
individual ring structures (Fig. 7A). This fragility is associated
with evidence of increased nucleocapsid flexibility, with
helices formed by NCORE alone forming rods (Fig. 7A) (see
also Schoehn et al., 2004). It is therefore conceivable that the
induced folding of NTAIL resulting from the interaction with P
(and/or other physiological partners) could also affect the
nucleocapsid conformation in such a way as to affect the
structure of the replication promoter (Longhi et al., 2003;
Schoehn et al., 2004) (Fig. 7B). Indeed, the replication
promoter, located at the 3V end of the viral genome, is
composed of two discontinuous elements building up a
functional unit because of their juxtaposition on two successive
helical turns (Tapparel et al., 1998) (Fig. 7B). The switch
between transcription and replication could be dictated by
variations in the helical conformation of the nucleocapsid,
which would result in a modification in the number of N
monomers (and thus of nucleotides) per turn, thereby disrupt-
ing the replication promoter in favor of the transcription
promoter (or vice versa). Morphological analyses, showing the
occurrence of a large conformational flexibility within Para-
myxoviridae nucleocapsids (Bhella et al., 2002, 2004; Ogles-
bee et al., 1989, 1990), tend to corroborate this hypothesis.
Interaction between NTAIL and cellular partners
The presence of the flexible NTAIL region at the surface of
the viral nucleocapsid allows the establishment of interactions
with multiple viral and cellular partners.
Indeed, beyond P and the L–P complex, NTAIL also
interacts with the heat shock protein Hsp72, which stimulates
both transcription and genome replication (Zhang et al., 2002,
2005). Two binding sites for Hsp72 have been identified
(Zhang et al., 2002, 2005). High affinity binding is supported
by the a-MoRE, and Hsp72 can competitively inhibit binding
Fig. 6. (A) Global shape of the NTAIL–XD complex seen in two orientations rotated by 90-. The crystal structure of the chimera between XD (red) and the a-MoRE
(blue) is shown. (B) Low resolution model of the NTAIL–XD complex showing that the 401–488 region of NTAIL is disordered and exposed to the solvent, while the
a-MoRE and the C-terminus are packed against XD. Reprinted from Virologie, 2005; 9(5). Copyright with permission from John Libbey Eurotext Ltd.
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binding site is present in the C-terminus of NTAIL (Zhang et al.,
2002). Variability in sequence of the N protein C-terminus
gives rise to Hsp72 binding and non-binding variants. Analysis
of infectious virus containing a non-binding motif shows loss
of Hsp72-dependent stimulation of transcription but not
genome replication (Zhang et al., 2005). These findings
suggest two mechanisms by which Hsp72 could enhance
transcription and genome replication, and both involve
reducing the stability of P/NTAIL complexes, thereby promotingsuccessive cycles of binding and release that are essential to
polymerase processivity (Bourhis et al., 2005; Zhang et al.,
2005). The first mechanism is competition between Hsp72 and
the P protein XD for a-MoRE binding, and this would occur at
low Hsp72 concentrations. In the second mechanism, Hsp72
would neutralize the contribution of the C-terminus of NTAIL to
the formation of a stable P–NTAIL complex, and this would
occur in the context of elevated cellular levels of Hsp72 and
only for MeV strains that support Hsp72 binding in this region
(Zhang et al., 2005). The basis for the separable effects of
Fig. 7. (A) Negative stain electron micrographs of N and NCORE. The bar corresponds to 100 nm. Rings and herringbone structures are indicated by different arrows.
(B) Cryo-electron microscopy reconstructions of MeV nucleocapsid (left) and schematic representation of the nucleocapsid (right) highlighting the structure of the
replication promoter composed of two discontinuous units juxtaposed on successive helical turns (see regions wrapped by the red and blue N monomers).
Background: electron micrographs of MeV nucleocapsid (courtesy of D. Bhella, MRC, Glasgow, Scotland). Reprinted from Virologie, 2005; 9(5). Copyright with
permission from John Libbey Eurotext Ltd.
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be shown, with template changes unique to a replicase versus
transcriptase being a primary candidate. The latter could
involve unique nucleocapsid ultrastructural morphologies, with
Hsp72-dependent morphologies being well-documented for
canine distemper virus (Oglesbee et al., 1989, 1990), a
Morbillivirus member that is closely related to MeV.
As for the functional role of Hsp72 in the context of MeV
infection, it has been proposed that the elevation in the Hsp72
levels in response to the infection could contribute to virus
clearance (Carsillo et al., 2004; Oglesbee et al., 2002). Indeed,
the stimulation of viral transcription and replication by Hsp72
is also associated to cytopathic effects leading to apoptosis and
release of viral proteins in the extracellular compartment
(Oglesbee et al., 1993; Vasconcelos et al., 1998a, 1998b).
These would stimulate the adaptative immune response,
thereby leading to virus clearance (see Gerlier et al., 2005;
Laine et al., 2005 and references therein cited).
Additional binding of cellular partners by NTAIL has the
potential to influence both innate and adaptive immunity. NTAILis involved in the interaction with the interferon regulator factor
3 (IRF-3). This interaction triggers the phosphorylation-
dependent activation of IRF-3 and its consequent nuclear
import (tenOever et al., 2002). Thus, interaction between NTAIL
and IRF-3 might ultimately lead to stimulation of interferon
production. Finally, after apoptosis of infected cells, the viral
nucleocapsid is released in the extracellular compartment
where it becomes available to cell surface receptors. While
NCORE specifically interacts with FggRII (Laine et al., 2005),
NTAIL interacts with a yet uncharacterized receptor (referred to
as Nucleoprotein Receptor, NR). This latter is expressed at the
surface of dendritic cells of lymphoid origin (both normal and
tumoral) (Laine et al., 2003), and of T and B lymphocytes
(Laine et al., 2005). Flow cytofluorimetry studies carried out on
truncated forms of NTAIL allowed the identification of the
NTAIL region responsible for the interaction with NR (Box1, aa
401–420) (Laine et al., 2005). The NTAIL–NR interaction
triggers an arrest in the G0/G1 phase of cell cycle whereas the
NCORE–FggRII interaction triggers apoptosis (Laine et al.,
2005). Both mechanisms have the potential to contribute to
Fig. 8. (A) General organization of Paramyxovirinae P. Globular and disordered regions are represented by large and narrow boxes, respectively. The region
overlapping the V ORF is represented by dotted lines to indicate that it can be either disordered, or structured (see lower panel). (B) Organization of P in the
prototype member of each genus. In Rubulaviruses andMorbilliviruses, the spacer region, overlapping the V ORF, is disordered, whereas it is globular in the case of
Respiroviruses. The hydrophobic, N--binding region within the PNT moiety is shaded.
J.-M. Bourhis et al. / Virology 344 (2006) 94–110104immunosuppression that is a hallmark of MeV infections
(Laine et al., 2005).
Structural disorder within the replicative complex of
Paramyxovirinae
By combining various computational approaches based on
different physico-chemical concepts (e.g., PONDR), the
analysis of the ratio between mean hydrophobicity and mean
net charge (Uversky et al., 2000), hydrophobic cluster analysis
(HCA) (Callebaut et al., 1997), analysis of sequence complex-
ity (Romero et al., 2001) and secondary structure predictions
(Liu et al., 2002; Rost, 1996), we showed that structural
disorder is a widespread property within the replicative
complex of Paramyxovirinae (Karlin et al., 2003). In partic-
ular, we showed that Paramyxovirinae NTAIL, and Morbilli-
virus and Respirovirus PNT are intrinsically disordered (Fig.
8). Conversely, in Rubulaviruses PNT has a different organi-
zation. Specifically, it consists of two modules: a conserved N-
terminal region with a previously unreported sequence homol-Fig. 9. (A) Schematic representation of N-–P and NNUC–P complexes of MeV. Diso
(dotted line) within the NNUC–P complex is shown. Within the NNUC–P complex,
according to the model of Curran and Kolakofsky (1999). The N-–P complex has b
The NCORE region has been represented with a shape slightly differing from that o
polymerase complex actively replicating genomic RNA. Only a limited number of
represented in the middle and bottom panels. The P molecule delivering N- has been
results of Tuckis et al. (2002). The location of RNA is schematically represented ou
different panels indicates the chronology of events. (Top) L is bound to a P tetramer.
synthesized RNA is shown as already partially encapsidated. (Middle) The encapsida
PX arms. The extended conformation of NTAIL and PNTwould allow the formation o
to imagine that the proximity of the polymerase (or an unknown signal from this latte
the assembling nucleocapsid. The N- release would also lead to cartwheeling of the L
(see arrow) as in the model of (Curran and Kolakofsky, 1999). (Bottom) PNT deliogy with the N-termini of Avulavirus and Henipavirus PNT,
and an intrinsically disordered module (Fig. 8). The HCA plot
of this conserved N-terminal module, together with the
observation that it possesses the hydrophobicity/net charge
ratio typical of globular proteins, suggests that this module has
the potentiality to fold in cooperation with another part of P, or
with another protein. In Rubulaviruses, it contains an N--
binding region and a nuclear localization signal which can both
function in isolation, arguing for some degree of functional
independence of this region (Watanabe et al., 1996).
It is therefore conceivable that the disordered module of
Rubulavirus PNT can undergo induced folding upon binding to
N-. The presence of hydrophobic clusters and of an ahelical
potential, is a feature also conserved in the N-termini of
Morbillivirus and Respirovirus PNT. This a-helical propensity
has been indeed demonstrated in the case of MeV PNT by
biochemical and spectroscopic experiments (Karlin et al.,
2002b).
Beyond PNT, other disordered regions have been identified
within P. Indeed, Paramyxovirinae, PCT has a modularrdered regions are represented by lines. The tentative location of the viral RNA
P is represented as bound to NNUC through three of its four terminal PX arms
een represented with a 1:4 stoichiometry (J. Curran, personal communication).
f the NNUC–P complex according to Gombart et al. (1993). (B) Model of the
NTAIL regions is shown. PNT regions within the L–P complex have not been
represented as distinct from that within the L–P complex in agreement with the
tside the nucleocapsid only to facilitate its visualization. The numbering of the
A supplementary P molecule, not bound to L, is also shown (right). The newly-
tion complex, N-–P, binds to the nucleocapsid template through three of its four
f a tripartite complex between N-, P and the polymerase (circled). It is tempting
r) may promote the release of N- by PX, thus leading to N- incorporation within
–P complex through binding of the free PX arm onto the nucleocapsid template
vers N- to the newly-assembled nucleocapsid (see arrow).
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structured regions. Among these latter, the region spanning
residues 304–376 of MeV P (referred to as PMD) are
responsible for the oligomerization of P (Chen et al., 2005),
while XD is responsible for binding to both NTAIL and the
cellular ubiquitin E3 ligase Pirh2 (Chen et al., 2005). In
Rubulaviruses and Morbillivirues, sequence analysis predicts a
coiled-coil region within the PMD. The coiled-coil organiza-
tion has been experimentally confirmed in the case of SeV
(Tarbouriech et al., 2000) and Rinderpest virus (Rahaman et al.,
2004) PMDs. In all Paramyxovirinae, PMD and XD are
separated by a flexible linker region (Fig. 8) (Karlin et al.,
2003). Finally, in Rubulaviruses and Morbilliviruses, an
additional flexible region (referred to as ‘‘spacer’’) occurs
upstream of PMD (Fig. 8) (Karlin et al., 2003). It is noteworthy
that the spacer region overlaps the open reading frame (ORF)
encoding the zinc binding domain (ZnBD) of the V protein
(Fig. 8), and that PNT overlaps the C ORF (Lamb and
Kolakofsky, 2001). This observation suggests that the presence
of disordered regions may correlate to overlapping ORFs.
Contrary to N and P, the RNA-dependent RNA polymerase
of Paramyxovirinae does not contain any long disordered
region. Nevertheless, this does not exclude the presence of
disordered regions shorter than 40 residues. Indeed, the
presence of a flexible hinge region in Morbillivirus L (aa
1695–1717 of MeV L) has been suggested on the basis of
sequence variability (McIlhatton et al., 1997). Insertion of
EGFP (Enhanced Green Fluorescent Protein) in this region
only moderately affects the polymerase activity of MeV, thus
suggesting that the L region downstream of the hinge enjoys a
relative conformational freedom (Duprex et al., 2002; Plumet et
al., 2005). The absence of structural disorder in the L protein
might be related to the fact that a precise protein scaffold is
required for the various enzymatic activities attributed to L.
This bioinformatics analysis has been further extended to
Mononegavirales N and P proteins (Karlin et al., 2003). The
last 80 C-terminal residues of Pneumovirinae P, as well as the
N-termini of Rhabdoviridae and Bornaviridae P are predicted
to be in large part disordered. In the same vein, Filoviridae N
are grossly organized into an N-terminal moiety homologous to
Rhabdoviridae and Paramyxoviridae NCORE (Barr et al.,
1991), and a C-terminal moiety that is hypervariable, very
acidic (Sanchez et al., 2001), has a low sequence complexity,
and contains large predicted disordered regions. The C
terminus thus appears to be a structural equivalent of
Paramyxoviridae NTAIL. Likewise, the C-termini of Bornavir-
idae N are predicted to be largely disordered. The disordered
state of the C-terminal region has been experimentally
confirmed in the case of the nucleoprotein of Borna disease
virus (BDV). The crystal structure of BDV N shows that both
N- and C-termini (15 and 24 residues, respectively) have a very
extended conformation conferring to the overall structure the
typical ‘‘S’’ shape (Rudolph et al., 2003).
In the case of rabies virus (a Rhabdoviridae member), the
incubation of the nucleocapsid with trypsin results in a
cleavage after residue 376, thereby removing the C-terminal
region (aa 377–450) (Kouznetzoff et al., 1998). This NTAIL-free nucleocapsid is no longer able to bind to P, thus suggesting
that, in Rhabdoviridae, NTAIL plays a role in the recruitment of
P as in the case of Paramyxoviridae (Schoehn et al., 2001).
However, electron microscopy studies show that trypsine
digestion triggers a reduction in the electron density in the
larger N extremity (see Schoehn et al., 2001). This reduction
corresponds to the volume predicted for the NTAIL region, thus
suggesting that this domain would be located in the missing
part of the model and would be folded, contrary to its MeV
counterpart (Schoehn et al., 2001). Conversely, the HCA plots
of Pneumovirinae N do not highlight any disordered region
(Longhi et al., unpublished data).
Taken together, these observations suggest that structural
flexibility is a widespread property within the replicative
complex of non-segmented, negative-stranded viruses (Karlin
et al., 2003). Thus, these viruses constitute an excellent model
system for the study of the functional role of disordered regions.
Conclusions
Although there is a growing awareness of the functional role
of structural disorder, this latter still represents a rather poorly
explored field of investigation. This is particularly true in
virology, where the abundance of structural disorder within the
replicative complex of MeV, and of Mononegavirales in
general, has been discovered only recently. In the case of N
and P, the intrinsic disorder of their regions would confer to
these proteins the ability to adapt to various partners and to form
complexes that are critical for both transcription and replication.
The pattern of interactions of PNT and NTAIL supports this
hypothesis. Indeed, NTAIL participates in several interactions
with different protein partners, as for instance P (within both
N-–P and NNUC–P complexes), the L–P complex, IRF-3
(tenOever et al., 2002), Hsp72 (Zhang et al., 2002), the M
protein (Coronel et al., 2001), the cellular receptor NR (Laine et
al., 2005, 2003) and possibly components of the cellular
cytoskeleton (De and Banerjee, 1999; Moyer et al., 1990).
Likewise, PNT is also involved in several interactions: it
interacts not only with N- and L, but also with cellular partners
(Liston et al., 1995). Interestingly, there is a striking parallel
between the NTAIL-P XD interaction and the PNT–NCORE
interaction (see Fig. 9). Both interactions are not stable by
themselves and must be strengthened by the combination of
other interactions; these properties are reminiscent of AADs of
cellular transcription factors (Melcher, 2000). This might
ensure easy breaking and reforming of interactions, as in the
model proposed by Curran (1998).
Unstructured regions are considerably more extended in
solution than globular ones. For instance, MeV PNT has a
Stokes radius of 4 nm (Karlin et al., 2002b). However, the
Stokes radius only reflects a mean dimension. Indeed, the
maximal extension of PNT, as measured by SAXS (Longhi et
al., unpublished data) is considerably larger (>40 nm). In
comparison, one turn of the nucleocapsid is 18 nm in diameter
and 6 nm high (Bhella et al., 2002). Thus, PNT could easily
stretch over several turns of the nucleocapsid, and since P is
multimeric, N-–P might have a considerable extension (see
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which interact with the intrinsically disordered tail of N,
comprise a flexible linker (Marion et al., 2001; Longhi et al.,
2003). This certainly suggests the need for a great structural
flexibility. Perhaps, this flexibility is necessary for the
tetrameric P to bind several turns of the helical nucleocapsid?
Indeed, the promoter signals for the polymerase are located on
the first and the second turn of the SeV nucleocapsid (Tapparel
et al., 1998).
Likewise, the maximal extension of NTAIL in solution is of
13 nm (Longhi et al., 2003). The very long reach of disordered
regions could enable them to act as linkers and to tether
partners on large macromolecular assemblies. Accordingly, one
role of NTAIL in actively replicating nucleocapsids could be to
put into contact several proteins within the replicative complex,
such as the N-–P and the P–L complexes (see Fig. 9).
In Respiroviruses and Morbilliviruses, PNT, which is
disordered, contains binding sites for N- (Curran et al., 1994;
Harty and Palese, 1995; Sweetman et al., 2001) and for L
(Curran and Kolakofsky, 1991; Curran et al., 1995; Sweetman
et al., 2001). This pattern of interactions among N-, P and L,
mediated by unstructured regions of either P or N, suggests that
N-, P and L might interact simultaneously at some point during
replication. Notably, the existence of a N–P–L tripartite
complex has been recently proved by co-immunuprecipitation
studies in the case of the Vescicular Stomatitis virus (VSV), a
Rhabdoviridae (Gupta et al., 2003). In the case of VSV, this
tripartite complex would constitute the replicase complex, as
opposed to the transcriptase complex which would require co-
expression of L and P only (Gupta et al., 2003).
We propose that during replication, the extended conforma-
tion of PNT and NTAIL is key to allowing contact between the
assembly substrate (N-–P) and the polymerase complex (L–
P), forming a tripartite N-–P–L complex (Fig. 9B). This
model emphasizes the plasticity of intrinsically disordered
regions, which might give a considerable reach to the elements
of the replicative machinery. The relative weak affinity
between interacting, disordered regions would ensure dynamic
breaking and reforming of interactions. This would result in
transient, easily modulated interactions. One can speculate that
the gain of structure of NTAIL upon binding to XD could result
in stabilization of the N–P complex. At the same time, folding
of NTAIL would result in a modification in the pattern of
solvent-accessible regions resulting in the shielding of specific
regions of interaction. As a result, NTAIL would no longer be
available for binding to its other partners. Although induced
folding likely enhances the affinity between interacting
proteins, the dynamic nature of these interactions could rely
on (i) the intervention of viral and/or cellular co-factors
modulating the strength of such interactions, and (ii) the
predominant disordered nature of the IUP even after folding
induced by a partner (Bourhis et al., 2005; Tompa, 2002) that
would enable the establishment of weak affinity interactions
through residual disordered regions.
Finally, are there further points during the replication cycle
of Paramyxovirinae that would require structural flexibility?
We believe that there might be at least two. M is believed to bethe central organizer of virus assembly (Coronel et al., 2001).
This role involves self-polymerization as well as binding to
NTAIL (Coronel et al., 2001) and probably to other factors in the
viral envelope. Strikingly, all the known structures of Mono-
negavirales M proteins reveal a certain flexibility (Gaudier et
al., 2001), and the M–N interaction during virus assembly
might also require flexibility of NTAIL. Secondly, flexible
regions at the surface of the viral RNP (either NTAIL or PNT)
would be ideally suited for the plastic interactions that the
extremely large nucleocapsids must necessarily have with
components of the cell cytoskeleton (Burke et al., 2000; De and
Banerjee, 1999; Moyer et al., 1990; Poisson et al., 2001),
although this remains to be shown.
It is hoped that our studies will contribute to the recognition
of the abundance and of the functional role of structural
disorder within viral proteins. The identification of disordered
regions within proteins allows a better understanding of their
modular organization, which is crucial in view of their
structural characterization. Indeed, the recognition of disor-
dered regions allows the identification of globular regions as
potential candidates for crystallization, thus paving the way
towards their atomic characterization. Accordingly, the various
methods for the prediction of structural disorder have been
implemented within VaZyMolO, which is a tool for decipher-
ing the modular organization of viral proteins in view of
identifying potential targets for crystallographic studies (Ferron
et al., 2005).
Nevertheless, we wish to point out the occurrence of
fortuitous events leading to unexpected results. Recently,
Mavrakis et al. submitted the P protein of rabies virus to
crystallization trials, despite the fact that the N-terminal moiety,
which accounts for more than half of the protein, is predicted to
be disordered. Crystals formed in the drop due to the fact that
the N-terminus had been cleaved by contaminating proteases.
The crystals were made of the C-terminal part whose structure
was readily solved (Mavrakis et al., 2004)!
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